Abstract. We used egg removals, additions, and swaps (controls) to determine whether Tree Swallows (Tachycineta bicolor) are determinate or indeterminate layers. Since Tree Swallows modify their clutch size in response to their environments, and since egg additions and removals occur naturally in this species, we predicted full indeterminacy. Females laid more eggs in response to the removal of their third and fourth laid eggs but did not lay clutches outside the normal range. Females did not lay fewer eggs when an egg was added on each of the second and third days of laying. From this we conclude that Tree Swallows have limited removal indeterminacy but are determinate with respect to egg addition. When daily egg removal was used to keep females at 1 or 0 eggs, which led to abandonment of the nesting attempt followed by relaying, the second clutch was much larger, on average, than the first. This suggests that the first clutch had been terminated early. Thus Tree Swallows, although addition determinate, were capable of early cessation of laying. Although removal indeterminate, they were not capable of laying abnormally large clutches. We therefore argue that determinate and indeterminate laying patterns cannot be used to infer a female' s ability to modify clutch size in response to other stimuli, and that strict categorization of Tree Swallows as determinate or indeterminate is not appropriate.
INTRODUCTION

Laying determinacy has been assessed for many species (reviews in
If determinate and indeterminate laying reflect differences in proximate processes, determinate layers may be constrained in their ability to adaptively modify clutch size in response to local conditions. Kennedy and Power (1990) define determinate layers as species "in which the number of eggs laid in a clutch was set at the onset of laying and could not be changed by removal or addition of eggs." This is a two-part definition. The second half, regarding egg removal and ad-dition, is the traditional definition. The first half is more restrictive, stating that no change in final clutch size is possible after clutch initiation regardless of the stimulus. The definition reflects the perception that determinate laying, while it may be assessed using clutch manipulations, reflects fundamental differences in internal processes involved in egg formation. Similarly, Arnold (1992) interpreted determinate as meaning that limited follicular development prevents a response to egg removal. He therefore argues that failure to observe a reponse to egg removal, while it indicates that eggs in the nest is not a cue controlling laying, does not necessarily demonstrate that a species is a determinate layer, in the sense that "the number of eggs laid in a clutch was set at the onset of laying." If the concept that determinate laying reflects the time at which final clutch size is set is appropriate, then it has implications for the understanding of intraspecific clutch size variation. For example, Anderson (1989) concludes that House Sparrows (Pusser domesticus) are removal-determinate and predicts that females for whom food availability increases following the onset of laying will, because their clutch size has already been determined, be incapable of laying more eggs in response to the new circumstances.
Indeterminate laying has also been examined from an ultimate perspective, as an adaptive response to naturally occurring egg removal and addition, particularly to conspecific nest parasitism (Kennedy and Power 1990). Kendra et al. (1988) argue that indeterminate laying is a precondition for conspecific nest parasitism, rather than an adaptive response to it. Rothstein (1990) and Kennedy (1991) . These are all responses to prelaying conditions. Kuerzi (194 1) reports pauses mid-laying (after the first or second egg) of l-7 days in response to cold weather and/or reduced sunlight with pre-pause eggs retaining viability. Thus, Tree Swallow clutch sizes track changes in internal and external environments, and some control of laying is retained into the laying period. Again, if a female' s ability to modify her clutch size is related to an indeter-minate laying pattern, then we predict Tree Swallows to be indeterminate layers.
To assess the Tree Swallow' s status as determinate or indeterminate layers and to assess implications for clutch size variation, we used a modified version of the protocol recommended by Kennedy (199 1). We addressed the following questions.
( 1. 
STUDY AREA AND METHODS
The study was conducted May-July 1992, using Tree Swallows breeding in nest boxes in and around hayfields near the Queen' s University Biological Station in Leeds County, 50 km north of Kingston, Ontario. Nest boxes were mounted on aluminum poles or on fence posts at heights of l-2 m. All nests were checked twice weekly during nest building, incubation, and nestling periods, and daily during laying and expected hatch periods. Nests were checked and clutch manipulations performed in the late morning or early afternoon.
We conducted two experiments. In the first, we removed the third and fourth eggs as laid at 11 nests. At another 11 nests we added two eggs, 1 each on the day of laying of the second and third eggs. Finally, at 11 control nests, eggs were swapped: The third and fourth eggs laid were removed as laid and were replaced with eggs no more than a day old taken from nests at which the female was not yet incubating. Nests were grouped into triplets according to laying date. Where clutches were initiated at more than three nests on the same day, grouping was done randomly. Within each triplet, one nest was used as a removal, one as a swap, and one as an egg addition. Results could then be analyzed using paired sample (sign) tests. When nests grouped together did not initiate laying on the same day, an effort was made to do egg removals at the later laying nest, so that the seasonal decline in clutch size (Stutchbury and Robertson 1988) minimized rather than exaggerated any increase in clutch size due to egg removal. Female age (second year or older), determined using plumage differences (Hussel 1983) did not differ markedly between treatment groups (two second year females in the removal group, one each in the control and addition groups). Eggs were numbered lightly with pencil as laid, allowing movement of the correct egg and an assessment of the effect of egg movement on viability.
In the second experiment, eggs were removed daily starting with the first (4 nests), second (13 nests), or third (5 nests) egg laid until the female stopped laying. Thus nests were kept at zero, one, and two eggs respectively. We did not use egg additions in this experiment. Unfortunately, eggs in this experiment were not marked as laid. However, during the pause between clutches, the eggs left in the "kept at 1" nests were marked. Thus, when a second clutch was laid in the nest, the old egg could be identified, but it could not be aged exactly as its position in the laying cycle of the first clutch was unknown. Female age was not recorded at several of the nests used in experiment 2, so we cannot assess its impact. 
RESULTS
At nests where two eggs were removed, females laid more eggs than at controls (one-tailed sign test, n = 5, C = 0, P = 0.03) ( Table 1) Eggs moved between nests remained viable. Only one of 42 eggs moved between nests did not hatch (97.6% hatch), which is comparable to the five of 126 eggs left where laid which failed to hatch (96.0% hatch). At two removal nests, the female deserted midway through incubation. At one addition nest, the nest was depredated during incubation. These three nests are excluded in assessing hatching success. An egg was missing following hatching at one control and one addition nest. We treat these eggs as having failed to hatch, but cannot identify them as moved or original and therefore exclude them in calculating hatching success. At no nest did more than one egg fail to hatch. Three of nine removal nests, six of 10 addition nests, and one of 11 control nests contained an unhatched egg. The probability of removal and addition nests containing an unhatched egg did not differ significantly from that for control nests (two-tailed Fisher exact probability tests, P = 0.5 and P = 0.15 respectively). However, in the case of egg addition the difference was not significant. Hatch occurred over l-3 days. The degree of asynchrony was independent of treatment group (loglikelihood ratio, df = 4, G = 0.64, 0.975 > P > 0.95).
In experiment 2 (continuous egg removal) the five females kept at two eggs laid apparently complete clutches (4-7 eggs) and incubated the 2 eggs not taken (Table 2) . One female kept at a single egg incubated that egg after laying five. This female was also the last to lay. The other 12 females laid 2-5 eggs and did not incubate the remaining egg. At least 8 of these 12 relaid (second clutches: 4-6 eggs). In these cases the female was either positively identified for both nesting attempts or was assumed to have laid both clutches because of the short time period between laying attempts and the lack of any change in nest structure between clutches.
At the four nests where all eggs were taken, the females also relaid. First clutches ranged from 3-5, second clutches from 2-7. Second clutches were larger than first clutches for the eight "kept at 1" females (one-tailed sign test, IZ = 6, C = 1, P = 0.11) and were significantly larger for "kept at 1" and "kept at 0" nests combined (one-tailed sign test, n = 8, C = 1, P = 0.04). Sample size was insufficient for comparisons of "kept at 0" nests alone. For Tree Swallows, renest clutch sizes are generally equal to (Kuerzi 1941) or smaller than (Paynter 1954 ) those of complete first clutches. This indicates that at least some "kept at 1" and "kept at 0" females stopped laying prior to completion of the first clutch.
At 7 "kept at 1" nests, a second clutch was laid by the original or a new female and eggs were incubated to hatching, allowing the viability of the egg remaining from the first clutch to be assessed ( Table 2 ). The old egg hatched at four nests (57%) despite pauses of 4-l 1 days between laying periods. In one case, the old egg had been laid by a different female.
DISCUSSION
Using the anecdotal definition of indeterminacy provided by Phillips' (1887) for the Northern Flicker, Tree Swallows are determinate layers. They cannot be induced to lay clutches outside the normal range. In fact, when kept at 0 or 1 egg (experiment 2), fewer eggs were laid rather than more. However, when 2 eggs were removed, the number of eggs laid was, on average, slightly greater than at control nests (experiment l), as expected for an indeterminate layer. We saw no response to egg addition. Thus, Tree Swallows have limited removal indeterminacy but are addition determinate. This is based on a limited sample size, but we feel this makes the significance of our results more noteworthy, as it highlights the consistency of the responses observed.
Since females kept with a single egg or from whom all eggs were taken abandoned the nesting attempt, we cannot assess whether the limited extent of the response observed is related to when in the laying period eggs were removed. Consequently, we cannot answer the second question posed, regarding the timing of the manipulation. This abandonment in response to egg removal is consistent with Klomp' s (1970) comment that one or more eggs should be left in the nest to prevent desertion, but contrasts with Kennedy and Power' s (1990) finding that in both House Wrens and European Starlings, removal of all eggs as laid did not lead to early desertion.
Hamilton and Orians (1965) gave coloniality and limits on breeding opportunities as two factors predisposing a species to interspecific brood parasitism. Similar criteria seem reasonable for the evolution of conspecific brood parasitism, and are met by Tree Swallows (Robertson et al. 1992 ). However, DNA fingerprinting studies examining patterns of paternity have not found nestlings unrelated to the resident female at any nests, indicating that conspecific nest parasitism is rare in this population (Lifjeld et al., 1993) . If indeterminate laying is exclusively a response to nest parasitism, it should not be expected in Tree Swallows.
However, egg removal and addition do occur naturally in Tree Swallows. Egg depredation by House Wrens was not observed at nests used during this study but was not uncommon in the area (pers. observ.). Egg addition occurred when females relaid in nests which had been kept at a single egg. These eggs had some viability even after being left untended in the nest for up to 11 days. The old egg and the new clutch were not necessarily laid by the same female. Addition indeterminacy could therefore be adaptive if either costs of nestling care or of incubation limit clutch size. DeSteven (1980) found no evidence that Tree Swallow clutch size was limited by ability to feed additional nestlings. Our first experiment led to artificially reduced and enlarged clutches ranging from 3-8 eggs. There was some suggestion of reduced percent hatching in nests to which eggs were added, suggesting limits on the number of eggs which can be successfully incubated. However, since only one egg failed to hatch in any one nest, brood sizes at egg addition nests were still larger than at controls. Incubation ability, then, should not limit clutch size. Briskie and Sealy (1989) noted a similar pattern in the Least Flycatcher (Empidonax minimus). However, sample sizes in both DeSteven' s (1980) study and in our own limit the probability of detecting differences in nestling or adult survival or in estimating percent hatching. Further, we do not assess differences in post-hatching success associated with differences in clutch size. Wiggins (1990) found that nestlings from experimentally enlarged broods weighed less, on average, than controls but was unable to assess subsequent survival.
In the second experiment, Tree Swallows abandoning their first nesting effort in response to egg removal generally tried again. Thus, Tree Swallows could be induced to lay large numbers of eggs, as expected for an indeterminate layer. Unlike Phillips' (1887) Northern Flicker, these eggs were laid in discrete sets, separated by delays ranging from three days to two weeks. Kuerzi An interesting effect of continuous, daily egg removal (experiment 2) was that first clutches at some nests were smaller than renests, suggesting that females abandoned the first nesting attempt prior to clutch completion. While it is possible that females abandoned and then "dumped" their remaining eggs, we did not find these dumped eggs. Early cessation of laying, the expected response to egg addition, was instead a response to egg removal which left fewer than two eggs in the nest. Superficially, the effect is similar to the temporary pause in laying in response to bad weather (Kuerzi 1941) in that a female apparently expected to lay but fails to do so. Kuerzi' s females, of course, laid but a single clutch, while our females laid two.
The We also feel the distinct categorization of Tree Swallows as determinate or indeterminate may be inappropriate given the response we observed to removal of two eggs, as opposed to continuous removal. Resulting clutch sizes were larger, indicating that eggs in the nest are, to some extent, a proximate cue to cessation of laying. However, the response was far from one-to-one and did not result in clutches outside a normal range. Kennedy and Power (1990) found that while House Wrens could be induced to lay clutches outside the normal range in response to egg removal, and were therefore removal indeterminate, the relationship between number of eggs removed and number of additional eggs laid was not one-to-one.
Dichotomous classifications are generally more useful as means of identifying continua through definition of their endpoints than they are as reflections of reality. If researchers recognize that the variables used are continuous, not discrete, reference to the dichotomy is useful. (For a critical examination of classifications, see Peters [ 199 1 :Ch. 41.) The determinate/indeterminate dichotomy, however, has been treated as a discontinuous variable, without considering the complexity underlying it. This is evident from current ornithology texts, which either treat laying determinacy as a simple dichotomy (e.g., Welty and Baptista 1988:329-330) or recognize the variation but downplay it (e.g., Faaborg and Chaplin 1988:289). We have demonstrated that Tree Swallows cannot be neatly categorized as determinate or indeterminate layers. Any definition of "determinate" which allows unambiguous classification ignores the variation present in responses to clutch manipulations and prevents understanding that variation. We suggest that extent of a response to clutch manipulation is a more useful measure than discrete categorization, and a measure more likely to shed light on the proximate and ultimate control of clutch size.
